microwires were fabricated by Taylor-Ulitovsky technique and an external shell with magnetically harder behavior was additionally grown by combined sputtering and electro-plating techniques. The effect of annealing treatment at temperatures up to 700 for 1 h on low-frequency coercivity and the ferromagnetic resonance, FMR, frequency for single and biphase microwires was investigated. The properties after low temperature annealing (up to 500 ) are reasonably maintained, which indicates the suitability of these families of wires for sensing applications up to relatively high temperatures. Nevertheless, low and high frequency properties are significantly deteriorated after crystallization of the amorphous core. FMR behavior was analyzed by fitting to Kittel equation for annealed samples. The observed different absorption peaks are correlated with the presence of the soft core and the external shell.
I. INTRODUCTION
A MORPHOUS magnetic microwires are used in many technological applications as sensing elements in devices profiting mostly of their soft magnetic behavior leading to very high permeability and low coercivity. Particularly, glass-coated Fe-based amorphous microwires with large and positive magnetostriction, characterized by magnetic bistability and squared hysteresis loops are obtained by drawing and quenching technique [1] - [3] . Updated information can be found in [4] .
A new family of bimagnetic microwires was introduced few years ago being prepared by electro-plating an external shell on a metallic nanolayer previously sputtered on the glass-coated microwire core [5] . That has enabled the fabrication of bimagnetic wires with tailored magnetic behavior namely, soft/hard, hard/soft or soft/ultrasoft [6] - [10] . In the case of soft magnetic core with bistable behavior and a magnetically harder external shell, the low-frequency magnetic characteristics of the core are determined by the strength of the magnetoelastic coupling with the external shell that can even destroy the bistable behavior. In addition, the low-field hysteresis loops of the core may exhibit a shift as a consequence of the stray field generated by the external shell.
The study of ferromagnetic resonance, FMR, is often used for the investigation of the structural changes in amorphous alloys. Previous studies on the ferromagnetic resonance of bimagnetic microwires indicate that FMR frequency follows the Kittel equation by which it increases linearly with the square root of the effective total magnetic field. Multipeak absorption has been observed as a consequence of the presence of the external shell [9] , [10] .
Bimagnetic microwires have been successfully employed as sensing elements in multifunctional sensor devices [11] , [12] or in orthogonal magnetic field sensors [13] - [15] . Since the soft core exhibits typically amorphous structure, the stability of the sensor response can be affected by an increase of measuring temperature [4] . The influence of thermal treatments on the low-frequency magnetic behavior of amorphous alloys was systematically performed years ago. While treatments at moderate temperature result in relaxation of the amorphous structure, annealing at higher temperatures leads to crystallization of amorphous microstructure and to the growing of new crystal phases with size in the nano and microscale that destroys the soft magnetic behavior [1] - [3] . The objective of this study has been to derive the influence of the thermal annealing on the low-and high-frequency magnetic response of soft/hard biphase microwires with different thicknesses of the insulating intermediate microlayer.
II. SAMPLES PREPARATION AND MEASUREMENTS TECHNIQUES
Glass-coated microwires with nominal composition exhibiting relatively high positive magnetostriction, , have been prepared by quenching and drawing the molten alloy (Taylor-Ulitovsky technique) in our laboratories. Series of microwires have been prepared with metallic core diameter in the range of 18 to 20 , and total diameter to 26 . Three particular microwires with different geometric ratio , , 0.75 and 0.77 were selected for measurements.
0018-9464/$31.00 © 2012 IEEE A gold nanolayer is then sputtered onto the Pyrex and acts as electrode/substrate for the subsequent electro-plating of a CoNi external shell, which thickness depends on the current density and electroplating time. In the present study, we have focused on nominal composition with fixed thickness, . The two, single and biphase, families of microwires were annealed at various annealing temperatures, , ranging from 100 to 700
in Argon atmosphere for 1 h. The cooling to room temperature took between 1 and 2 h, depending on the annealing temperature.
Low frequency magnetic properties (e.g., axial hysteresis loops) have been carried out in a home-made fluxmetric induction system under a 50 Hz axial magnetic field with maximum amplitude of 2 kA/m and triangular wave regime. A detailed description of the experimental set up for magnetic measurements can be found elsewhere [10] . The length of microwires taken for these measurements was 1.5 cm. For the higher magnetic field studies, magnetic measurements were taken in a vibrating sample magnetometer, VSM (Tandore E7), under 1 T maximum applied field. In this case, the length of the samples was 5 mm.
The ferromagnetic resonance, FMR, spectrum has been obtained from power absorption measurements in a Network Analyzer (Agilent, model E8362B) in the frequency range from 10 MHz to 18 GHz, and at a constant power of 10 dBm or 0 dBm. The adapted sample holder and the experimental set-up details have been described elsewhere [11] .
III. EXPERIMENTAL RESULTS AND THEIR ANALYSIS

A. Low-Frequency Properties: Hysteresis Loops
The presence of the external shell magnetic phase modifies very significantly the magnetic behavior of the microwires. Fig. 1 shows the hysteresis loop measured with the VSM for a particular biphase microwire. Two main magnetization processes are observed, which can be ascribed to the soft FeSiB magnetic core, with a large Barkhausen jump at very low magnetic field, and to the harder CoNi shell at higher fields.
The influence of thermal treatments has been firstly determined from the low-frequency hysteresis loops. We can distinguish two main ranges of annealing temperature, below and above the crystallization temperature of the soft amorphous core beginning at 500 C. After annealing at temperatures, , up to 500 , the hysteresis loops of the soft core retain the magnetic bistability over the whole range of annealing treatments and only relatively small variations in the coercivity are observed. At such moderate annealing temperatures the amorphous structure is kept and the mechanical stresses are expected to partially relax. Fig. 2 shows the VSM hysteresis loops of single phase and biphase microwires as a function of annealing temperature, in the range from 500 to 700 . In the case of single phase FeSiB microwires, the magnetic bistability is lost after annealing above 500
. In addition, they become clearly magnetically hardened as a consequence of the crystallization process by which new magnetic phases grow (particularly ) [1] . In the case of FeSiB/CoNi biphase microwires, the two magnetization regions are still observed after annealing at 500 , while after annealing above 500 , a quite noticeable magnetic hardening is observed, and magnetization takes place in a single process. Fig. 3 summarizes the evolution of the coercivity as a function of annealing temperature for single and biphase microwires with different geometric ratio, . Fig. 3(a) summarizes the effect of low-temperature annealing for FeSiB wire, where only a small effect of annealing is observed. Fig. 3(b) and (c) summarizes the quantitative effect of high-temperature annealing for single and biphase microwires showing in both cases the large increase of coercivity. We should underline that the coercivity takes similar values for both single and biphase microwires denoting that it is the crystallized core which determines the macroscopic coercivity.
B. Ferromagnetic Resonance
From a technological point of view, the knowledge of microwave behavior of single and biphase magnetic microwires is very promising. For single phase FeSiB microwires, FMR is observed typically in the frequency range between 7 and 12 GHz [8] , [9] . Here, we have measured the absorption characteristics for the as-produced microwires as well as after thermal annealing treatments. The spectra for single phase as-cast amorphous FeSiB glass-coated microwires are sharp and show a typical single absorption peak at the FMR frequency which increases from around 4 to 10 GHz as the applied field increases up to 45 kA/m. In addition, the absorption peak amplitude slightly increases with increasing the geometric ratio, . After annealing up to around 500 only small changes are observed in the FMR absorption characteristics. However, after annealing above 500 , the absorption peaks show much less amplitude and their FMR frequency changes only slightly with the applied field. These facts are interpreted as originated by the crystallization of the sample.
The experimental results for the real component, , of impedance for biphase FeSiB/CoNi microwires are shown in Fig. 4 . Data for as-produced biphase microwires are shown in Fig. 4(a) . Two absorption peaks are observed, the one at high frequency (FMR1) is ascribed to the FMR of the FeSiB core, since it is observed at similar frequencies as for the single phase FeSiB microwire. The peak at lower frequency (FMR2) does not evolve significantly with the applied field, and it has been ascribed to the capacitance effect due to the presence of the external shell (the two coaxial magnetic conductors and the intermediate insulting Pyrex layer) [11] . After annealing at 500 , we still observe two absorption peaks, although the peak (FMR1) corresponds to the soft core shows much less amplitude, and eventually it should be ascribed to the partially crystallized FeSiB core as can be observed in Fig. 4(b) for the sample after annealing at 650 .
The evolution of FMR frequency with the dc axial field in single phase amorphous magnetic microwires has been shown to satisfy the Kittel resonance condition for a uniaxial thin film magnetized along the in-plane easy axis [9] , [10] (1) where is the angular frequency of the microwave field, the gyromagnetic ratio, the anisotropy field and is the saturation magnetization. Experimental evolution of the FMR frequency with applied static field, , has been well fitted for single phase FeSiB microwires in as-cast state and after annealing up to 500 from which a saturation magnetization value of has been obtained. Fig . 5 shows the fitting to (1) corresponding to biphase FeSiB/ CoNi microwires before and after annealing at 500 just before crystallization of the amorphous core. The peak FMR1 ascribed to the soft core follows the resonance condition given by (1), with fitted value and before and after annealing, respectively. Data for FMR2 do not follow the resonance condition and is ascribed to the mentioned capacitive effect.
IV. CONCLUSION
In summary, the annealing effect on single and biphase microwires has been studied. Low-annealing temperature treatments (up to 500 ) induce very modest influence on the lowfrequency and high-frequency properties of both families of microwires. This is ascribed to the relaxation of the amorphous structure of the core which nevertheless undergoes the action of Pyrex coating and external shell. Annealing at higher temperatures deteriorates the magnetization process in two magnetic stages.
FMR data indicate that for single phase microwires annealed up to 500 (below crystallization temperature), the absorption peaks are found in the range from 3 to 9 GHz for increasing applied fields from which we derive saturation magnetization value. In biphase microwires, the presence of the external shell gives rise to a second absorption peak ascribed to a capacitive effect. It is understood that CoNi shell is not sufficiently saturated magnetically so that it does not show properly ferromagnetic absorption. After crystallization, the absorption peaks show much reduced dependence on applied field, and the FMR behavior cannot be fitted properly to the characteristics of the biphase material.
In short, we can conclude that biphase microwires maintain their magnetic properties after annealing treatments below crystallization temperature of the soft amorphous core so that, they are good candidates as sensing elements to be employed at moderate temperature.
